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1. I N T R O D U C T I O N  
The p r o d u c t i o n  o f  a  m u l t i t u d e  o f  goods  and  s e r v i c e s  i n  t h e  
w o r l d ' s  economies  a r e  d e p e n d e n t  upon r andomly-va ry ing  envi ronmen-  
t a l  r e s o u r c e  i n p u t s .  C r o p  p r o d u c t i o n  d e p e n d s  upon p r e c i p i t a t i o n ,  
s o l a r  r a d i a t i o n ,  n u t r i e n t  a v a i l a b i l i t y ,  and  a  h o s t  o f  o t h e r  
e n v i r o n m e n t a l  f a c t o r s .  The  p r o d u c t i o n  o f  a i r  t r a n s p o r t a t i o n  
d e p e n d s  upon p r e c i p i t a t i o n ,  wind s p e e d ,  wind v e l o c i t y ,  wind 
v a r i a b i l i t y ,  v i s i b i l i t y ,  t e m p e r a t u r e ,  e tc . ,  commerc i a l  a n d  s p o r t  
f i s h e r y  depend  upon randomly  v a r y i n g  f i s h p o p u l a t i o n s .  I n  many 
p r o d u c t i o n  p r o c e s s e s ,  t h u s ,  e n v i r o n m e n t a l  f a c t o r s  are i m p o r t a n t  
d e t e r m i n a n t s  o f  t h e  p r o d u c t i v i t y  o f  o t h e r  man-made i n p u t s ,  and  
t h e  economic v i a b i l i t y  o f  t h e s e  a c t i v i t i e s .  
Some c o n t r o l l a b l e  i n p u t s  i n t o  p r o d u c t i o n  p r o c e s s e s  are  
v a l u a b l e  p r e c i s e l y  b e c a u s e  t h e y  s u b s t i t u t e  f o r  r andomly  v a r y i n g  
e n v i r o n m e n t a l  i n p u t s .  F o r  example ,  microwave l a n d i n g  s y s t e m s  
r e d u c e  t h e  i m p o r t a n c e  o f  v i s i b i l i t y  i n  a i r  t r a n s p o r t  o p e r a t i o n s .  
S u p p l e m e n t a r y  i r r i g a t i o n  r e d u c e s  t h e  v a r i a b i l i t y  i n  water i n p u t  
t o  c r o p  p r o d u c t i o n .  
I n  r e c e n t  s t u d i e s  o f  t h e  demand f o r  supp lementa ry  i r r i g a t i o n  
i n  ~ k s n e ,  my c o l l e a g u e  Susan A r t h u r  and I have i n v e s t i g a t e d  t h e  
e f f e c t s  o f  supp lementa ry  i r r i g a t i o n  on t h e  p r o b a b i l i t y  d i s t r i b u -  
t i o n s  o f  t o t a l  water i n p u t s  t o  c r o p  p r o d u c t i o n  o v e r  t h e  i r r i g a -  
* 
t i o n  s e a s o n .  A r t h u r ' s  i n v e s t i g a t i o n  shows t h a t  supp lementa ry  
i r r i g a t i o n ,  a s  it c u r r e n t l y  is b e i n g  p r a c t i c e d  i n  ~ k s n e ,  i n -  
creases t h e  mean and r e d u c e s  t h e  v a r i a n c e  o f  t h e  d i s t r i b u t i o n  
o f  t o t a l  s e a s o n a l  w a t e r  i n p u t s .  My r e s u l t s ,  b a s e d  on a n  eco- 
nomic model o f  i r r i g a t i o n  demand, imply  s imilar  e f f e c t s  o n  t h e  
p r o b a b i l i t y  d i s t r i b u t i o n  o f  w a t e r  i n p u t s .  
T h i s  p a p e r  examines t h e  r e l a t i o n s h i p  between c h a n g e s  i n  
t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  w a t e r  i n p u t s  i n d u c e d  b y  supp le -  
mentary  i r r i g a t i o n  and t h e  economic b e n e f i t s - - a s  measured by 
i n c r e a s e s  i n  e x p e c t e d  fa rm income--derived from 
supp lementa ry  i r r i g a t i o n .  The a n a l y s i s  w i l l  show t h a t  t h e  con- 
t r i b u t i o n  o f  supp lementa ry  i r r i g a t i o n  t o  e x p e c t e d  fa rm income 
may b e  f a c t o r e d  a p p r o x i m a t e l y  i n t o  two components.  The f i r s t  
component depends  upon t h e  e f f e c t  o f  s u p p l e m e n t a r y  i r r i g a t i o n  
on t h e  mean o f  t h e  w a t e r  i n p u t  d i s t r i b u t i o n .  I n  g e n e r a l ,  i n -  
creases i n  t h e  mean o f  t h e  d i s t r i b u t i o n  o f  water i n p u t s  r e s u l t  i n  
i n c r e a s e s  i n  e x p e c t e d  fa rm income. 
The second component depends  upon t h e  e f f e c t  o f  supp lementa ry  
i r r i g a t i o n  o n  t h e  v a r i a n c e  o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  
t h e  water i n p u t .  I t  w i l l  b e  shown, i n  p a r t i c u l a r ,  t h a t  r educed  
v a r i a b i l i t y  o f  t h e  d i s t r i b u t i o n  o f  water i n p u t s  c o n f e r s  economic 
b e n e f i t s .  Moreover,  t h i s  c o n c l u s i o n  w i l l  be shown t o  h o l d  even  
i f  t h e  e f f e c t  o f  s u p p l e m e n t a r y  i r r i g a t i o n  o n  t h e  mean o f  t h e  w a t e r  
i n p u t  d i s t r i b u t i o n  i s  n e g l i g i b l e .  I t  w i l l  a l s o  b e  shown t h a t  
* 
A r t h u r  (1980)  and Anderson ( 1 9 8 0 ) .  
t h i s  conc lus ion  does  n o t  r e q u i r e  any s p e c i a l  assumptions  about  
fa rmers '  a v e r s i o n  t o  r i s k .  We w i l l  show t h a t  fa rmers  who seek 
t o  maximize t h e  expected v a l u e  of farm income ( i . e .  who a r e  r i s k  
n e u t r a l )  d e r i v e  b e n e f i t s  (i. e.  p r e f e r )  p r o b a b i l i t y  d i s t r i b u t i o n s  
of  wate r  i n p u t s  t h a t  have r e l a t i v e l y  low v a r i a b i l i t y  t o  ones 
t h a t  have r e l a t i v e l y  h igh  v a r i a b i l i t y ,  o t h e r  t h i n g s  be ing  equa l .  
The p l a n  of  t h e  paper  is  as fo l lows .  I n  S e c t i o n  2 ,  a  
model i s  developed which r e l a t e s  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  
o f  water  i n p u t s  t o  t h e  expected (i. e .  average)  l e v e l  o f  farm 
income. A s  noted above,  t h i s  model approximates  t h e  r e l a t i o n -  
s h i p  between wa te r  i n p u t s  and farm income i n  t e r m s  of  t h e  mean 
and t h e  va r i ance  o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  wa te r  
i n p u t s .  Using t h i s  r e p r e s e n t a t i o n ,  we w i l l  show t h a t ,  i f  
y i e l d  i s  a  concave f u n c t i o n  o f  wate r  i n p u t ,  expec ted  farm 
income v a r i e s  i n v e r s e l y  w i t h  t h e  v a r i a n c e  of  t h e  p r o b a b i l i t y  
d i s t r i b u t i o n  of  wate r  i n p u t .  
S e c t i o n  3 shows how t h e  approximat ing r e l a t i o n s h i p  
developed i n  S e c t i o n  2 can  be a p p l i e d  t o  e s t i m a t e  t h e  e f f e c t  
o f  supplementary i r r i g a t i o n  ( o r ,  f o r  t h a t  m a t t e r ,  any a c t i v i t y - -  
e .g .  c l i m a t e  m o d i f i c a t i o n ,  improved c l i m a t e  f o r e c a s t i n g - - t h a t  
reduces  t h e  v a r i a b i l i t y  of  t h e  water  i n p u t )  on farm income. 
Two i l l u s t r a t i o n s  a r e  r e p o r t e d .  I n  t h e  f i r s t  i l l u s t r a t i o n ,  t h e  
approximat ion i s  used t o  e v a l u a t e  t h e  e f f e c t s  on farm income o f  
changes i n  t h e  d i s t r i b u t i o n  of wate r  i n p u t s  impl ied  by my model 
0 * 
o f  i r r i g a t i o n  demand i n  Skane. I n  t h i s  p a r t i c u l a r  i l l u s t r a t i o n ,  
t h e  approximat ion y i e l d s  e x a c t  r e s u l t s  s i n c e  t h e  p roduc t ion  
f u n c t i o n  used r e l a t i n g  wate r  i n p u t s  t o  c r o p  y i e l d s  i s  q u a d r a t i c .  
The second i l l u s t r a t i o n  i s  based on r e s u l t s  r e p o r t e d  i n  Arthur  
(1980) on t h e  e f f e c t  o f  supplementary i r r i g a t i o n  o n w a t e r  i n p u t  
probab i l i t y  d i s t r i b u t i o n s .  
S e c t i o n  4 o f f e r s  some concluding remarks and comments 
about  t h e  a p p l i c a t i o n  of  t h e  model developed i n  S e c t i o n  2 t o  
o t h e r  problems. One i n t e r e s t i n g  and immediate a p p l i c a t i o n  i s  
t h e  r e s o l u t i o n  of  a  d i f f i c u l t y  i n  Anderson (1980) .  I n  t h a t  
paper ,  t h e  e s t ima ted  c o n t r i b u t i o n  o f  i r r i g a t i o n  t o  expec ted  farm 
income was o v e r s t a t e d  s i n c e  t h e  model assumed t h a t  i r r i g a t i o n  
d e c i s i o n s  a r e  made wi th  p e r f e c t  foreknowledge o f  t h e  amount o f  
wate r  t h a t  would be supp l i ed  by p r e c i p i t a t i o n .  The approximate 
c a l c u l a t i o n s  o f  c o n t r i b u t i o n s  t o  income based on A r t h u r ' s  r e s u l t s  
p re sen ted  i n  S e c t i o n  3 do n o t  depend upon t h i s  assumption,  They 
t h e r e f o r e  prov ide  a  check on t h e  r e s u l t s  i n  Anderson (1980) .  
Sec t ion  4 a l s o  n o t e s  b r i e f l y  t h e  p o s s i b l e  a p p l i c a t i o n  o f  
t h e  approximation developed i n  S e c t i o n  2 t o  t h e  s t u d y  o f  c o s t s  
and b e n e f i t s  o f  changes i n  c l i m a t e .  
2 .  A MODEL 
L e t  us beg in  ou r  a n a l y s i s  by adopt ing  t h e  fo l lowing  no ta -  
t i o n  and assumptions:  
x = n  x  1 v e c t o r  of i n p u t s  c o n t r o l l e d  by t h e  farmer 
( e . g .  l and  a r e a  p l a n t e d ,  f e r t i l i z e r  a p p l i e d ,  
i r r i g a t i o n  wate r  a p p l i e d ,  e t c . ) ;  
n x l  v e c t o r  o f  i n p u t  p r i c e s  co r r e spond ing  
G = m x  1 random v e c t o r  o f  i n p u t s  no t  c o n t r o l l e d  by 
t h e  farmer  (e .  g .  t empera tu re ,  t o t a l  wate r  i n p u t ,  
s o l a r  r a d i a t i o n )  ; 
F  (x,G) = produc t ion  f u n c t i o n  f o r  an a g r i c u l t u r a l  commodity, 
assumed t o  be such t h a t  Fx = aF/ax and Fw = a F / a w  
a r e  p o s i t i v e ,  F (  0 )  i s  s t r i c t l y  concave,  and F ( * )  
posses se s  con t inuous  p a r t i a l  d e r i v a t i v e s  up t o  t h e  
t h i r d  o r d e r ;  
@ = p r i c e  o f  t h e  a g r i c u l t u r a l  commodity under cons ide ra -  
t i o n ,  assumed t o  be a  random v a r i a b l e ;  
5 = farm income. 
The p r o d u c t i o n  f u n c t i o n ,  F  (x,G) , and t h e  random v e c t o r  of  
- p r o d u c t i v e  i n p u t s ,  w ,  a r e  assumed t o  b e  d e f i n e d  o v e r  some 
s p e c i f i c  p e r i o d  o f  t i m e  c o r r e s p o n d i n g  t o  some o r  a l l  o f  t h e  
c r o p  s e a s o n .  A s  i s  w e l l  known, c r o p  y i e l d s  depend upon b o t h  
t o t a l  q u a n t i t i e s  o f  i n p u t s  and t h e  i n t r a s e a s o n a l  d i s t r i b u t i o n  
o f  t h e i r  a p p l i c a t i o n .  A p r o d u c t i o n  f u n c t i o n  t h a t  r e l a t e s  
s e a s o n a l  i n p u t  t o t a l s  t o  c r o p  y i e l d  i s  t h u s  a n  a p p r o x i m a t i o n .  
An a n a l y t i c a l  d e r i v a t i o n  o f  t h i s  a p p r o x i m a t i o n  i s  o f f e r e d  i n  
Anderson ( 1 9 8 0 ) .  
W e  a l s o  assume t h a t  f a r m e r s  c h o o s e  t h e  i n p u t s  under  
t h e i r  c o n t r o l  ( i . e .  t h e  v e c t o r  x )  s o  a s  t o  maximize e x p e c t e d  
farm income. I n  t e r m s  o f  t h e  n o t a t i o n  se t  f o r t h  above,  a  
r e p r e s e n t a t i v e  fa rmer  i s  assumed t o  select  t h e  l e v e l s  o f  i n p u t s  
under  h i s  c o n t r o l  So a s  t o  s o l v e  t h e  f o l l o w i n g  problem: 
Maximize EC?} = E{GF(X,G) - c f x }  
where E{ i s  t h e  m a t h e m a t i c a l  e x p e c t a t i o n  o p e r a t o r -  
Direct e v a l u a t i o n  o f  t h e  m a t h e m a t i c a l  e x p e c t a t i o n  r e q u i r e d  
by e q u a t i o n  ( 1 )  may b e  d i f f i c u l t  o r  even  i m p o s s i b l e ,  depend ing  
upon t h e  form o f  t h e  j o i n t  d i s t r i b u t i o n  o f  (5,G) and t h e  form 
o f  t h e  f u n c t i o n ,  F ( * ) .  L e t  u s  t h e r e f o r e  expand t h e  f u n c t i o n  3 
a b o u t  t h e  p o i n t  2 s u c h  t h a t  
where w = ~ { w )  and 6 = E{@}. When t h i s  i s  d o n e ,  w e  o b t a i n  t h e  
f o l l o w i n g  approx imate  e x p r e s s i o n  f o r  ? i f  
where Fxx i s  t h e  m a t r i x  whose ( i , j )  e l e m e n t  i s  a 2~ 
a x  a x  i j  
and s i m i l a r l y  f o r  o t h e r  t e r m s .  The f u n c t i o n  F  ( - 1  and i t s  
d e r i v a t i v e s  a p p e a r i n g  i n  e q u a t i o n  ( 2 )  a r e  a l l  e v a l u a t e d  a t  
t h e  p o i n t  ( 2 , ; ) .  
Taking t h e  mathemat ica l  e x p e c t a t i o n  o f  e q u a t i o n  ( 2 )  , w e  
o b t a i n  t h e  f o l l o w i n g  approx imate  e x p r e s s i o n  f o r  e x p e c t e d  farm 
income, 
+ F'V 
w WP 
where Vww = E{ (w-;) (w-;) ' ) ,  V = E{ (p-p) (w-;) 1 ,  and t r {  ) i s  WP 
t h e  t r a c e  o p e r a t o r .  * 
The c h o i c e  o f  x  t h a t  maximizes t h e  a p p r o x i m a t i o n  i n  
e q u a t i o n  ( 3 )  i s  o b v i o u s  by i n s p e c t i o n  s i n c e ,  by a s s u m p t i o n ,  
Fxx i s  n e g a t i v e  d e f i n i t e . * *  C l e a r l y  w e  must se t  x  = 8. A t  
t h i s  v a l u e  o f  x ,  w e  o b t a i n  t h e  r e s u l t  t h a t  t h e  e x p e c t e d  v a l u e  
o f  farm income a t  t h e  optimum i n p u t  l e v e l s  i s  g i v e n  a p p r o x i m a t e l y  
by t h e  f o l l o w i n g  e x p r e s s i o n .  
we have  used t h e  f a c t  t h a t  pFx - c = 0 t o  e l i m i n a t e  a  t e r m  from 
e q u a t i o n  ( 3 ) . 
* *  
T h i s  f o l l o w s  from t h e  assumpt ion  t h a t  F ( 0 )  i s  s t r i c t l y  concave .  
Examinat ion  o f  e q u a t i o n  ( 4 )  r e v e a l s  t h a t  o u r  approx imat ion  
o f  e x p e c t e d  farm income i n v o l v e s  t e r m s  i n  t h e  means, v a r i a n c e s ,  
and c o v a r i a n c e s  o f  t h e  random v a r i a b l e s  i n  t h e  model.  The e f f e c t  
o f  changes  i n  t h e s e  p a r a m e t e r s  on e x p e c t e d  farm income may b e  
s e e n  most e a s i l y  by e x a m i n a t i o n  o f  t h e  t o t a l  d i f f e r e n t i a l  o f  
e q u a t i o n  ( 4 ) ,  which a p p e a r s  below i n  e q u a t i o n  ( 5 )  
Not ing  t h a t  
and 
and assuming f o r  t h e  moment t h a t  dp  = d c  = 0,  dVww = 0 ,  and 
dV = 0,  w e  have 
WP 
- l F  dw Note f u r t h e r  t h a t  di: = - Fxx 
xw 
which i m p l i e s  
E q u a t i o n  ( 6 )  t a k e s  t h e  s i g n  o f  dw s i n c e  Fw i s  p o s i t i v e  and F  i s  
* 
concave by assumpt ion .  I n  o t h e r  words,  p r o v i d e d  t h a t  dp i s  z e r o ,  
- 
t h e  e f f e c t  o f  i n c r e a s i n g  w i s  t o  i n c r e a s e  e x p e c t e d  p r o f i t s ,  n .  
* 
Concav i ty  o f  F  i m p l i e s  t h a t  FW-Fwx~;:I', i s  n e g a t i v e  d e f i n i t e .  
Now l e t  u s  suppose t h a t  dG is z e r o  and,  t o  h e  specific about  t h e  
manner i n  which Vw and V change, t h a t  dVW = -aV WP WW 
and dV = - B V w ~ r  
where a and B a r e  c o n s t a n t s  between 0 and 1 .  
WP 
The i n s p e c t i o n  o f  equa t ion  ( 5 )  r e v e a l  t h a t  t h e  change i n  expected 
farm income a s s o c i a t e d  w i t h  t h i s  change i s  
Since  Fww is n e g a t i v e  d e f i n i t e  by assumption and V i s  p o s i t i v e  WW 
d e f i n i t e ,  t h e  f i r s t  t e r m  on t h e  r igh t -hand  s i d e  o f  e q u a t i o n  ( 7 )  
i s  unambiguously p o s i t i v e .  I n  g e n e r a l ,  t h e  e l emen t s  o f  t h e  
v e c t o r  V w i l l  b e  non -pos i t i ve .  Tha t  i s ,  h i g h  v a l u e s  o f  t h e  
WP 
v e c t o r  w i l l  t end  t o  be  a s s o c i a t e d  w i t h  low v a l u e s  o f  @. Recal- 
l i n g  o u r  convent ion  t h a t  h i g h e r  v a l u e s  o f  ii cor respond  t o  g r e a t e r  
o u t p u t s  ( i - e .  t h e  e l emen t s  o f  are i n p u t s  w i t h  p o s i t i v e  marg ina l  
p r o d u c t s ) ,  n o n - p o s i t i v e  cova r i ance  between and r e f l e c t s  t h e  
f a c t  t h a t  many t i m e s  f l u c t u a t i o n s  i n  random i n p u t s  are l a r g e  
enough t o  cause  l a r g e  f l u c t u a t i o n s  i n  t o t a l  o u t p u t ,  t h u s  a f f e c t i n g  
market  p r i c e .  I n  t h e  l i k e l y  e v e n t  t h a t  V is  non-pos i t i ve ,  t h e  WP 
second t e r m  on t h e  r i gh t -hand  s i d e  o f  e q u a t i o n  ( 7 )  i s  non-negative.  
- 
W e  conc lude  t h a t  t h e  e f f e c t  o f  r educ ing  Vww and i n c r e a s i n g  V WP 
is ,  unambiguously, t o  i n c r e a s e  expected farm income. 
Equa t ions  ( 4 ) -  ( 7 )  summarize an approx imate  r e l a t i o n s h i p  
between paramete rs  o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  randomly 
va ry ing  i n p u t s  and expec t ed  farm income. These r e l a t i o n s h i p s  
e s t a b l i s h  t h a t  measures which i n c r e a s e  t h e  mean v a l u e  o f  randomly 
va ry ing  i n p u t s ,  o r  d e c r e a s e  t h e i r  v a r i a n c e s  r e s u l t ,  i n  g e n e r a l ,  
i n  i n c r e a s e s  i n  expec ted  farm income. 
The d e r i v a t i o n  o f  t h e  r e s u l t s  and  e q u a t i o n s  p r e s e n t e d  
above  d e p e n d s  o n  t h e  v a l i d i t y  o f  t h e  s e c o n d  o r d e r  
a p p r o x i m a t i o n  c o n t a i n e d  i n  e q u a t i o n  ( 2 )  . I n t e r e s t i n g l y ,  t h e  
q u a l i t a t i v e  c o n c l u s i o n s  p r e s e n t e d  above  c o n c e r n i n g  t h e  e f f e c t s  
o f  c h a n g e s  i n  t h e  mean and  v a r i a n c e  may b e  shown t o  h o l d  u n d e r  
a  v a r i e t y  o f  more g e n e r a l  a s s u m p t i o n s . *  W e  d o  n o t  e x p l o r e  
t h e s e  more g e n e r a l  f o r m u l a t i o n s  h e r e  s i n c e  o u r  main i n t e r e s t  
i s  t h e  d e r i v a t i o n  and  a p p l i c a t i o n  o f  q u a n t i t a t i v e  r e s u l t s  
b a s e d  o n  e q u a t i o n s  ( 4 )  t h r o u g h  ( 7 ) .  
3.  SOME ILLUSTRATIVE ESTIMATES 
A p p l i c a t i o n  o f  t h e  r e s u l t s  d e r i v e d  i n  S e c t i o n  2  may b e -  
r e a d i l y  i l l u s t r a t e d  u s i n g  d a t a  r e p o r t e d  i n  A r t h u r  (1980)  
and Anderson  ( 19 8 0 )  o n  t h e  demand f o r  s u p p l e m e n t a r y  i r r i g a t i o n  
i n  ~ k g n e .  W e  b e g i n  w i t h  a n  i l l u s t r a t i o n  b a s e d  o n  t h e  d a t a  
r e p o r t e d  i n  Anderson  ( 1980)  . 
From e q u a t i o n  ( 4 ) ,  w e  see t h a t  two k i n d s  o f  p a r a m e t e r s  
are r e q u i r e d  t o  estimate e x p e c t e d  f a r m  income.  These  are 
s e l e c t e d  p a r a m e t e r s  o f  t h e  p r o d u c t i o n  f u n c t i o n  r e l a t i n g  w a t e r  
i n p u t s  t o  c r o p  y i e l d s ,  and  t h e  mean and  v a r i a n c e  o f  t h e  water 
i n p u t  p r o b a b i l i t y  d i s t r i b u t i o n .  W e  s h a l l  assume i n  o u r  ca l -  
c u l a t i o n s  t h a t  t h e  c o v a r i a n c e  be tween  water i n p u t  a n d  c r o p  
p r i c e  ( i . e .  V i n  e q u a t i o n s  ( 4 ) - ( 7 ) ) i s  zero. 
WP 
E s t i m a t e s  o f  t h e  p a r a m e t e r s  o f  p r o d u c t i o n  f u n c t i o n s  
r e l a t i n g  t h e  y i e l d  p e r  h e c t a r e  o f  t a b l e  p o t a t o e s  and  s u g a r  
b e e t s  a r e  r e p o r t e d  i n  T a b l e  1 .  The r a t i o n a l e  f o r  t h i s  form 
o f  p r o d u c t i o n  f u n c t i o n  and  t h e  e s t i m a t i o n  o f  t h e  p a r a m e t e r s  
are  d e s c r i b e d  i n  Anderson  ( 1 9 8 0 ) .  
* 
An e x c e l l e n t  summary o f  more g e n e r a l  r e s u l t s  i s  c o n t a i n e d  i n  
McCall  ( 1 9 7 1 ) .  
Table 1.  Est imates  of  Product ion Function Parameters 
y  = a l ( I  + B r )  - a2(I + B r )  2 
Notes: I = i r r i g a t i o n  
r = p r e c i p i t a t i o n  
B = p r e c i p i t a t i o n  e f f i c i e n c y  parameter 
Po ta toes  
Sugar Beets 
Source: Anderson ( 1 9 8 0 ) ,  Table 3. 
Est imates  o f  t h e  means and v a r i a n c e s  of  t h e  p r o b a b i l i t y  
d i s t r i b u t i o n s  o f  water  i n p u t s  wi th  and wi thou t  supplementary 
i r r i g a t i o n  a r e  r e p o r t e d  i n  Table 2. These a r e  c a l c u l a t e d  by 
I 
Fww 
-0 .0  164 
-0.0 1 8 2  
1 
a l  a  2 
I 
I 
3.4826 ! 0 .0087  
4 . 1 7 0 1  0 . 0 0 9 1  
t a k i n g  t o t a l  and p a r t i a l  e x p e c t a t i o n s  wi th  r e s p e c t  t o  t h e  
complete and t r u n c a t e d  Weibull d e n s i t i e s  t h a t  c h a r a c t e r i z e  
B 
0 .65  
0 .75  
water  i n p u t s  wi th  and wi thou t  supplementary i r r i g a t i o n ,  a s  
r e p o r t e d  i n  Anderson ( 1 9 8 0 )  . 
Table  2. Est imates  o f  Mean and Variance o f  P r o b a b i l i t y  
D i s t r i b u t i o n  o f  Water Inpu t s  wi th  and wi thout  
Supplementary I r r i g a t i o n  
Source: Computed from d a t a  i n  Anderson ( 1 9 8 0 )  , 
Tables  2 and 6. 
Without 
With 
Po ta toes  
Mean Variance 
110 .2  9 5 2 - 6  
197.2  4 4 . 3  
Sugar Beets 
Mean Variance 
127.9 1159.8  
214 .6  144.9 
A l l  o f  t h e  d a t a  needed t o  compute e x p e c t e d  farm income 
a c c o r d i n g  t o  e q u a t i o n  ( 4 )  a r e  a v a i l a b l e  i n  T a b l e s  1 and 2. 
The c o m p u t a t i o n s o f  e x p e c t e d  farm income w i t h  and w i t h o u t  
supp lementa ry  i r r i g a t i o n  a c c o r d i n g  t o  e q u a t i o n  ( 4 ) a r e  r e p o r t e d  
i n  T a b l e  3. L i n e s  ( 1  t h r o u g h  ( 4 )  o f  t h e  t a b l e  r e p o r t  
v a r i o u s  components o f  t h e  c a l c u l a t i o n  o f  e x p e c t e d  farm income 
p e r  h e c t a r e  i n  t h e  a b s e n c e  o f  i r r i g a t i o n .  L i n e  ( 1 )  r e p o r t s  
c r o p  y i e l d s  e v a l u a t e d  a t  t h e  means ( a d j u s t e d  f o r  r e l a t i v e  e f f i -  
c i e n c y )  o f  p r e c i p i t a t i o n .  Thus, c r o p  y i e l d s  e v a l u a t e d  a t  t h e  
mean a r e  278.1 d e c i t o n s  p e r  h e c t a r e  and 384.6 d e c i t o n s  p e r  
h e c t a r e  f o r  t a b l e  p o t a t o e s  and s u g a r  b e e t s ,  r e s p e c t i v e l y .  
L i n e  ( 2 )  r e p o r t s  t h e  e f f e c t s  o f  v a r i a b i l i t y  i n  t h e  w a t e r  
i n p u t s  ( a d j u s t e d  p r e c i p i t a t i o n  i n  t h i s  c a s e )  o n  e x p e c t e d  y i e l d s .  
A s  c a n  b e  s e e n ,  t h e  e f f e c t  o f  v a r i a b i l i t y  i n  b o t h  c a s e s  i s  t o  
r e d u c e  mean y i e l d s  below t h e  l e v e l s  o f  y i e l d s  e v a l u a t e d  a t  t h e  
means shown i n  l i n e  ( 1 ) .  Expected  y i e l d s  a r e  e q u a l  t o  t h e  sums 
o f  t h e  f i g u r e s  r e p o r t e d  i n  l i n e s  ( 1 ) and ( 2 )  . L i n e  ( 3 )  
r e p o r t s  t h e  p r o d u c t s  o f  e x p e c t e d  y i e l d s  ( i . e .  t h e  sum o f  l i n e s  
( 1 )  and ( 2 ) )  t i m e s  p r i c e s .  The 1978 n e t  farm p r i c e s  o f  s u g a r  
b e e t s  and p o t a t o e s  i n  t h e  ~ k 8 n e  r e g i o n  o f  Sweden w e r e  used 
i n  t h i s  computa t ion .  The f i g u r e s  c a l c u l a t e d  a c c o r d i n g  t o  t h i s  
p r o c e d u r e ,  which r e p r e s e n t  r o u g h l y  t h e  c o n t r i b u t i o n  o f  t h e  w a t e r  
i n p u t  t o  e x p e c t e d  fa rm income w i t h o u t  i r r i g a t i o n ,  a r e  r e p e a t e d  
i n  l i n e  ( 4 ) .  
L i n e s  ( 5 )  t h r o u g h  ( 9 )  r e p o r t  components o f  t h e  c a l c u l a -  
t i o n  o f  e x p e c t e d  farm income when supp lementa ry  i r r i g a t i o n  i s  
p r a c t i c e d  a s  d e s c r i b e d  i n  Andersan  (7980) . L i n e  ( 5 )  r e p o r t s  
c r o p  y i e l d s  e v a l u a t e d  a t  t h e  means o f  t h e  t o t a l  w a t e r  i n p u t s .  A s  
c a n  be  s e e n  by comparing t h e  d a t a  i n  l i n e  ( 1 )  t o  t h e  d a t a  i n  
l i n e  ( 5 ) ,  supp lementa ry  i r r i g a t i o n  s u b s t a n t i a l l y  i n c r e a s e s  y i e l d s  
e v a l u a t e d  a t  t h e  means. 
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Line  ( 6 )  shows t h e  e f f e c t  o f  v a r i a b i l i t y  i n  t h e  t o t a l  
wa te r  i n p u t s  on expec t ed  y i e l d s .  These e f f e c t s  a r e  s t i l l  n e g a t i v e ,  
a l t hough  a  comparison o f  l i n e s  ( 2 )  and ( 6 )  shows t h a t  supp le -  
mentary i r r i g a t i o n  r educes  t h e  n e g a t i v e  e f f e c t s  o f  v a r i a b i l i t y  
by r educ ing  t h e  v a r i a b i l i t y  o f  t h e  w a t e r  i n p u t s .  
L ine  ( 7 )  r e p o r t s  expec ted  y i e l d s  t i m e s  n e t  farm c r o p  
p r i c e s .  Again 1978 n e t  farm p r i c e s  w e r e  used i n  c a l c u l a t i n g  
t h e s e  t o t a l s .  
L i n e  ( 8 )  r e p o r t s  t h e  expec t ed  v a r i a b l e  c o s t s  o f  supp le -  
mentary i r r i g a t i o n .  Un i t  v a r i a b l e  c o s t s  a r e  e s t i m a t e d  a t  
4 s k r  p e r  mm p e r  h e c t a r e ,  a s  d e s c r i b e d  i n  Anderson (1980 ) .  
L i n e  ( 9 )  o f  t h e  t a b l e  r e p o r t s  expec ted  farm incomes n e t  
o f  v a r i a b l e  c o s t s  o f  i r r i g a t i o n .  A s  can  be  s e e n  by comparison 
o f  columns ( 4 )  and ( 9 ) ,  t h e  r e s u l t s  o f  supp lementa ry  i r r i g a t i o n  
a r e  s u b s t a n t i a l  i n c r e a s e s  i n  expec ted  farm income. 
L i n e  (10)  r e p o r t s  t h e  i nc r emen t s  i n  expec ted  farm income 
due t o  supplementary  i r r i g a t i o n .  The e s t i m a t e d  i nc r emen t s  a r e  
5868.9 s k r  p e r  h e c t a r e  p e r  y e a r  and 1161.2 s k r  p e r  h e c t a r e  p e r  
yea r  f o r  t a b l e  p o t a t o e s  and suga r  b e e t s ,  r e s p e c t i v e l y .  These 
e s t i m a t e s  a g r e e  c l o s e l y  w i t h  t h e  e s t i m a t e s  p r e s e n t e d  i n  Anderson 
(1980) o f  i nc r emen ta l  expec t ed  incomes o f  5942.3 s k r  p e r  h e c t a r e  
p e r  y e a r  and 1186.2 s k r  p e r  h e c t a r e  p e r  y e a r ,  r e s p e c t i v e l y ,  f o r  
t a b l e  p o t a t o e s  and s u g a r  b e e t s .  Indeed,  s i n c e  t h e  p r o d u c t i o n  
f u n c t i o n  r e l a t i n g  c r o p  y i e l d  t o  wate r  i n p u t s  used i n  Anderson 
(1980) i s  q u a d r a t i c ,  t h e  two shou ld  c o i n c i d e  e x a c t l y .  The 
d i f f e r e n c e  between them is a  r e s u l t  o f  rounding  e r r o r s  i n  
d i f f e r e n t  c a l c u l a t i o n  p rocedu re s .  
Line ( 1 1 ) r e p o r t s  t h e  c o n t r i b u t i o n s  t o  expec ted  farm income 
a s s o c i a t e d  s p e c i f i c a l l y  w i th  reduced v a r i a b i l i t y  i n  t h e  wate r  
i n p u t s .  Note t h a t  t h e s e  c o n t r i b u t i o n s  a r e  s u b s t a n t i a l ,  amounting 
t o  ove r  10 p e r c e n t  o f  t h e  t o t a l  increments  t o  expec ted  farm 
income, a s  i s  r e p o r t e d  i n  Line ( 1 2 )  . 
The estimates r e p o r t e d  i n  L ine  ( 1  1)  a l s o  can  be i n t e r p r e t e d  
a s  t h e  i n c r e a s e s  i n  expected farm income t h a t  would occu r  i f  
t h e  v a r i a n c e s  of  t h e  wa te r  i n p u t s  w e r e  dec reased  a s  d e s c r i b e d  
i n  Table  2 ,  even i f  mean w a t e r  i n p u t s  w e r e  unchanged. O r  p u t  
it ano the r  way, t h e s e  are t h e  increments  t o  farm income t h a t  
cou ld  be expec ted  i f  one  w e r e  somehow t o  r educe  t h e  v a r i a b i l i t y  
o f  p r e c i p i t a t i o n  t o  t h e  l e v e l s  r e f l e c t e d  i n  Table  2. 
The use  o f  t h e  approximat ion d e s c r i b e d  i n  S e c t i o n  2 a l s o  
can b e  i l l u s t r a t e d  i n s t r u c t i v e l y  u s ing  r e s u l t s  r e p o r t e d  i n  Ar thur  
( 1980) on supplementary i r r i g a t i o n  i n  ~ k 2 n e .  Although Ar thur1  s 
c a l c u l a t i o n s  do n o t  assume t h a t  fa rmers  behave a s  i f  t o  maximize 
expected p r o f i t s  and o u r  b a s i c  formulae--equations ( 4 )  through 
( 7 )  i n  s e c t i o n  2- -ass~me t h e y  do,  w e  can  s t i l l  u s e  A r t h u r ' s  
r e s u l t s .  The e f f e c t  o f  non-optimal i n p u t  l e v e l s  (i. e. l e v e l s  
o f  i n p u t s  t h a t  do n o t  maximize expec ted  farm income) i s  t o  make 
equa t ion  ( 3 )  ( i n s t e a d  o f  e q u a t i o n  ( 4 )  t h e  a p p r o p r i a t e  exp res s ion  
t o  u se  t o  e v a l u a t e  expected farm income. The d i f f e r e n c e  between 
t h e  two expres s ions  i s  
Since  t h i s  t e rm i s  n e g a t i v e  i n  g e n e r a l  ( r e c a l l  o u r  assumption 
t h a t  t h e  p roduc t ion  f u n c t i o n  i s  a concave f u n c t i o n  o f  t h e  vec to r  
o f  i n p u t s )  , use  o f  e q u a t i o n  ( 4 )  t o  e v a l u a t e  e x p e c t e d  income when 
i n p u t  l e v e l s  are non-optimal  t e n d s  t o  r e s u l t  i n  a n  o v e r s t z t e m e n t  
o f  t h e  e x p e c t e d  income a c t u a l l y  r e a l i z e d .  The s i z e  o f  t h e  over -  
s t a t e m e n t  i s  g i v e n  by t h e  above e x p r e s s i o n  i n  t h e  d e v i a t i o n s  
o f  i n p u t  l e v e l s  from o p t i m a l  l e v e l s .  T h i s  i n  t u r n  means t h a t  
o u r  c a l c u l a t i o n s  o f  a b s o l u t e  l e v e l s  o f  e x p e c t e d  fa rm income 
under  supp lementa ry  w i l l  be b i a s e d  upward, a l t h o u g h  t h e r e  i s  
l i t t l e  r e a s o n  t o  suppose  t h a t  t h e  b i a s  is v e r y  l a r g e  o r  t h a t  
t h e  c o n t r i b u t i o n  o f  supp lementa ry  i r r i g a t i o n  t o  e x p e c t e d  fa rm 
income would be s e r i o u s l y  o v e r e s t i m a t e d -  
A r t h u r ' s  r e s u l t s  o n  t h e  e f f e c t s  o f  supp lementa ry  i r r i g a t i o n  
on w a t e r  i n p u t s  are summarized i n  T a b l e  4 .  Column (1) o f  
T a b l e  4 r e p o r t s  A r t h u r ' s  estimates o f  t h e  mean and 
v a r i a n c e  o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  o f  water i n p u t s  t o  
p o t a t o e s  and s u g a r  b e e t s  i n  ~ k s n e ,  assuming t h a t  no i r r i g a t i o n  
i s  under taken .  For  example,  A r t h u r  found t h a t  mean p r e c i p i t a t i o n  
o v e r  t h e  p e r i o d  r e l e v a n t  t o  p o t a t o  growing w a s  176  nun and t h e  
2  
v a r i a n c e  o f  p r e c i p i t a t i o n  o v e r  t h i s  same p e r i o d  w a s  3 1 3 6  mm . 
Column ( 2 )  r e p o r t s  A r t h u r ' s  estimates o f  t h e  mean and 
v a r i a n c e  o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  w a t e r  i n p u t s  assuming 
t h a t  supp lementa ry  i r r i g a t i o n  i s  p r a c t i c e d  a c c o r d i n g  t o  a set  
o f  r u l e s  d e s c r i b e d  i n  h e r  p a p e r .  The water i n p u t  f o r  which 
t h e s e  s t a t i s t i c s  are r e p o r t e d ,  is  t h e  sum o f  p r e c i p i t a t i o n  p l u s  
i r r i g a t i o n  water a p p l i e d .  
Table  4 .  Summary of Means and Var iances  of  P r o b a b i l i t y  
D i s t r i b u t i o n  o f  Water I n p u t s  
Var iance  o f  
Water I n p u t  
P o t a t o e s  
Mean Water I n p u t  
Sugar Beets 
Mean Water I n p u t  
No I r r i g a t i o n  I r r i g a t i o n  D i f f e r e n c e  1 I 
i 
I 
I 
274 176 9 8 I 
Variance o f  Water 
Inpu t  
Source:  Arthur  (19801, p. 13, Table  4 -  
A s  can  be seen  by comparison o f  t h e  r e s u l t s  r e p o r t e d  i n  
Columns ( 1  ) and (2 )  , t h e  i r r i g a t i o n  r u l e s  s imu la t ed  by Ar thur  
i n c r e a s e d  t h e  means and reduced t h e  v a r i a n c e s  o f  t h e  wa te r  i n p u t s .  
Column (3 )  o f  Table  4 which r e p o r t s  t h e  d i f f e r e n c e s  between co r -  
responding f i g u r e s  i n  columns ( 2 )  and ( I ) ,  shows t h i s  c l e a r l y .  
For example, i r r i g a t i o n  o f  p o t a t o e s  i n c r e a s e d  t h e  mean wa te r  
i n p u t  by 98  mm per  season ,  and reduced t h e  v a r i a n c e  o f  t h e  wate r  
2  i n p u t  t o  p o t a t o e s  by 2047 mm p e r  season.  
TWO "adjus tments"  must be made t o  p u t  A r t h u r ' s  r e s u l t s  i n t o  
a  f a r m  s u i t a b l e  f o r  a p p l i c a t i o n  of  t h e  formulae  developed i n  S e c t i o n  2- 
F i r s t ,  Arthur  does  n o t  p r e s e n t  any d a t a  on t h e  e f f e c t s  o f  i r r i q a -  
t i o n  on c r o p  y i e l d s .  S i n c e  e s t i m a t e s  o f  c e r t a i n  pa rame te r s  o f  
t h e  w a t e r  i n p u t  - c r o p  y i e l d  r e l a t i o n s h i p  a r e  r e q u i r e d  t o  perform 
t h e  c a l c u l a t i o n s  e x p l a i n e d  i n  S e c t i o n  2 ,  w e  s h a l l  per form t h e s e  
c a l c u l a t i o n s  u s i n g  t h e  r e l a t i o n s h i p s  r e p o r t e d  i n  Table  2 above. 
Second, t h e  wate r  i n p u t s  used t o  e s t i m a t e  t h e  p roduc t ion  
paramete rs  r e p o r t e d  i n  Table  2 were c a l c u l a t e d  by a d j u s t i n g  
p r e c i p i t a t i o n  by r e l a t i v e  e f f i c i e n c y  paramete rs  whose v a l u e s  
a r e  l e s s  t h a n  one,  and adding a d j u s t e d  p r e c i p i t a t i o n  t o  i r r i g a -  
* 
t i o n .  A r t h u r ' s  r e s u l t s  p e r t a i n  t o  t h e  sum o f  i r r i g a t i o n  p l u s  
unad jus t ed  p r e c i p i t a t i o n .  
T r a n s l a t i o n  o f  A r t h u r ' s  r e s u l t s  on t h e  means o f  t h e  wate r  
i n p u t  d i s t r i b u t i o n s  i n t o  a  form compat ib le  w i th  t h e  p roduc t ion  
r e l a t i o n s h i p  i n  Table  2 i s  s t r a i g h t f o r w a r d .  Th i s  can  be  
accomplished by m u l t i p l y i n g  t h e  r e s p e c t i v e  e f f i c i e n c y  paramete rs  
t imes  t h e  mean p r e c i p i t a t i o n s  r e p o r t e d  i n  Table  4 and add ing  
mean i r r i g a t i o n s  r e p o r t e d  i n  Table  4 .  
Obta in ing  t h e  a p p r o p r i a t e  e s t i m a t e s  o f  v a r i a n c e s  i s  s l i g h t l y  
2 
more complex. Table  4 r e p o r t s  or , t h e  v a r i a n c e s  o f  p r e c i p i t a t i o n ,  
which are p r o p o r t i o n a l  t o  t h e  v a r i a n c e s  o f  , the w a t e r  i n p u t s  i n  
t h e  "Without I r r i g a t i o n "  c a s e s .  The c o n s t a n t s  o f  p r o p o r t i o n a l i t y  
a r e  t h e  s q u a r e s  o f  t h e  e f f i c i e n c y  paramete rs .  
I n  t h e  "With I r r i g a t i o n "  c a s e ,  t h e  v a r i a n c e s  o f  t h e  prob- 
a b i l i t y  d i s t r i b u t i o n s  o f  wa te r  i n p u t s  should  be  computed acco rd ing  
t o  
where ow2 i s  t h e  v a r i a n c e  o f  t h e  wa te r  i n p u t  when supplementary  
2 i r r i g a t i o n  i s  p r a c t i c e d ,  a  i s  t h e  v a r i a n c e  o f  t h e  q u a n t i t y  I 
* 
The p r e c i s e  c a l c u l a t i o n  was W = I + B r ,  where I i s  i r r i g a t i o n ,  
r i s  p r e c i p i t a t i o n ,  and B i s  t h e  r e l a t i v e  e f f i c i e n c y  parameter .  
Th i s  parameter  was e s t i m a t e d  t o  be  0 . 6 5  f o r  t a b l e  p o t a t o e s ,  and 
0 . 7 5  f o r  suga r  b e e t s .  
2 
o f  i r r i g a t i o n  wa te r  added,  or i s  t h e  v a r i a n c e  o f  p r e c i p i t a t i o n ,  
and oIr is  t h e  c o v a r i a n c e  between p r e c i p i t a t i o n  and i r r i g a t i o n .  
The d a t a  i n  Tab le  4 r e p o r t  i n s t e a d  t h e  f o l l o w i n g  q u a n t i t y  f o r  
t h e  v a r i a n c e s o f  t h e  w a t e r  i n p u t  d i s t r i b u t i o n s u n d e r  supplementary  
i r r i g a t i o n  
While it is n o t  p o s s i b l e  from t h e  d a t a  r e p o r t e d  i n  A r t h u r  
(1980) t o  make an e x a c t  c a l c u l a t i o n  o f  t h e  q u a n t i t i e s  r e q u i r e d  
t o  compute t h e  v a r i a n c e s  o f  t h e  water i n p u t  d i s t r i b u t i o n  under 
i r r i g a t i o n ,  it i s  p o s s i b l e  t o  o b t a i n  lower and upper  bounds 
on t h e  v a r i a n c e s  o f  t h e s e  d i s t r i b u t i o n s .  
A s  a  lower  bound f o r  t h e  v a r i a n c e s u n d e r  i r r i g a t i o n ,  w e  
propose  a  l e v e l  o f  z e ro .  A s  extreme a s  t h i s  p r o p o s a l  may seem, 
it a c t u a l l y  may be  q u i t e  a  good approx imat ion .  I n  p a r t i c u l a r ,  
i f  an i r r i g a t i o n  r u l e  o f  t h e  form 
= 0  Otherwise  
(where T i s  some t a r g e t  q u a n t i t y  o f  w a t e r  i n p u t )  is  a p p l i e d ,  
and i f  t h e  p r o b a b i l i t y  t h a t  B r  - < T i s  n e g l i g i b l e ,  t h e n  t h e  
v a r i a n c e  o f  t h e  water i n p u t  w i l l ,  i n  f a c t ,  be approx imate ly  
* 
zero ,  
An approx imate  upper  bound on  t h e  v a r i a n c e  o f  t h e  water 
i n p u t  under  supplementary  i r r i g a t i o n  may be  o b t a i n e d  by sub- 
t r a c t i n g  t h e  v a r i a n c e  w i t h  i r r i g a t i o n  from t h e  v a r i a n c e  w i t h o u t  
* See Anderson (1980) f o r  a  d i s c u s s i o n  o f  a  model i n  which i r r i g a -  
t i o n  q u a n t i t i e s  are de te rmined  a s  d e s c r i b e d  above. 
i r r i g a t i o n  (bo th  a s  r e p o r t e d  i n  Table 4 ) ,  m u l t i p l y i n g  t h e  r e s u l t  
2 2 by B ,  s u b t r a c t i n g  ( 1-B)  B 2 0 r 2  + B or from t h i s  r e s u l t ,  and 
m u l t i p l y i n g  through by - 1 .  T h i s  c a l c u l a t i o n  y i e l d s  
The r a t i o n a l e  f o r  t h i s  c a l c u l a t i o n  a l s o  i s  based on t h e  
approximat ion o f  i r r i g a t i o n  demand a s  t h e  d i f f e r e n c e  between 
a  t a r g e t  l e v e l  of  wate r  i n p u t  and a d j u s t e d  p r e c i p i t a t i o n  ( s e e  
above) .  I n  p a r t i c u l a r ,  g iven  t h i s  approximat ion w e  know t h a t  
Th i s  i m p l i e s  t h a t  
a s  was t o  be  e s t a b l i s h e d .  
Table  5 r e p o r t s  c a l c u l a t i o n s  based on t h e s e  r e l a t i o n s h i p s ,  
t h e  theory  p re sen ted  i n  S e c t i o n  2 ,  and t h e  d a t a  i n  Tables  2 and 
4 .  For e a s e  o f  comparison, t h e  same q u a n t i t i e s  a r e  r e p o r t e d  i n  
t h e  v a r i o u s  l i n e s  o f  Table  5 a s  r e p o r t e d  i n  t h e  cor responding  
l i n e s  o f  Table  3 .  However, some l i n e s  have been subdiv ided  t o  
a l l ow f o r  p r e s e n t a t i o n  o f  upper and lower bounds on r e s u l t s  t h a t ,  
f o r  r ea sons  expla ined  above, cannot  be c a l c u l a t e d  e x a c t l y .  
Perhaps t h e  most impor t an t  conc lus ion  t o  emerge from 
examinat ion o f  t h e  r e s u l t s  i n  Table  5 i s  t h e  importance o f  
v a r i a n c e  r e d u c t i o n  a s  a  s o u r c e  o f  economic b e n e f i t s .  A s  i s  
shown i n  t h e  t a b l e ,  r e d u c t i o n  i n  t h e  v a r i a n c e  o f  t h e  p r o b a b i l i t y  
d i s t r i b u t i o n s  o f  wate r  i n p u t s  accounts  f o r  roughly  1 0  t o  20  
p e r c e n t  o f  t h e  increment  t o  expected farm income a s s o c i a t e d  wi th  
supplementary . i r r i g a t i o n .  
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4 .  CONCLUDING COMMENTS 
The a n a l y s i s  deve loped  i n  S e c t i o n  2 and i l l u s t r a t e d  i n  
S e c t i o n  3  h a s  a  number o f  i n t e r e s t i n g  a p p l i c a t i o n s .  For example,  
0 i n  my e a r l i e r  a n a l y s i s  o f  supp lementa ry  i r r i g a t i o n  i n  Skane 
(and  i n  t h e  f i r s t  i l l u s t r a t i o n  p r e s e n t e d  i n  S e c t i o n  3 ) ,  t h e  
c o n t r i b u t i o n  o f  e x p e c t e d  fa rm income was c a l c u l a t e d  based  o n  
t h e  assumpt ion  t h a t  f a r m e r s  were p e r f e c t l y  c e r t a i n  a b o u t  t h e  
q u a n t i t y  o f  water i n p u t  t h a t  would be s u p p l i e d  by p r e c i p i t a t i o n .  
The c a l c u l a t i o n s  p r e s e n t e d  i n  S e c t i o n  3  b a s e d  o n  A r t h u r ' s  r e s u l t s  
do n o t  res t  e x p l i c i t l y  on  t h i s  a s sumpt ion .  * 
I n t e r e s t i n g l y ,  t h e  r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  n o t  
t e r r i b l y  d i s s i m i l a r .  E s t i m a t e s  o f  c o n t r i b u t i o n  o f  s u p p l e m e n t a r y  
i r r i g a t i o n  t o  farm income based  on A r t h u r ' s  r e s u l t s  g e n e r a l l y  
imply smaller b e n e f i t s  t h a n  do t h o s e  based  on my ea r l i e r  a n a l y s i s .  
T h i s  i s  t o  b e  e x p e c t e d  s i n c e  A r t h u r ' s  a n a l y s i s  d i d  n o t  assume 
t h a t  f a r m e r s  behave  a s  i f  t o  maximize fa rm income. 
Another  i n t e r e s t i n g  a p p l i c a t i o n  o f  t h e  a n a l y s i s  d e v e l o p e d  
h e r e  i s  t o  t h e  s t u d y  o f  economic e f f e c t s  o f  c l i m a t e  change.  
V i r t u a l l y  a l l  a n a l y s e s  of  t h e  e-conomic e f f e c t s  o f  c h a n g i n g  
c l i m a t e s  have  c o n c e n t r a t e d  o n  e f f e c t s  induced  by changes  i n  t h e  
mean v a l u e s  o f  v a r i o u s  c l i m a t i c  p a r a m e t e r s  such  a s  p r e c i p i t a t i o n ,  
t e m p e r a t u r e ,  and s o l a r  r a d i a t i o n .  Y e t  t h e  p o s s i b i l i t y  e x i s t s  
t h a t  c l i m a t e  changes  may a l s o  i n v o l v e  h i g h e r  moments o f  t h e  
* 
The a p p r o x i m a t i o n  o f  i r r i g a t i o n  demand as  t h e  d i f f e r e n c e  between 
a  t a r g e t  l e v e l  o f  water i n p u t  and p r e c i p i t a t i o n  may i m p l i c i t l y  
i n t r o d u c e  some p r e s u p p o s i t i o n  o f  foreknowledge into t h e  a n a l y -  
s is .  I a m  n o t  s u r e .  I t  s h o u l d  be n o t e d  however t h a t  t h i s  
a s sumpt ion  i s  n o t  a c r u c i a l  p a r t  o f  t h e  a n a l y s i s  d e v e l o p e d  i n  
S e c t i o n  2. I t  i s  n e c e s s i t a t e d  by t h e  f a c t  t h a t  A r t h u r  ( 1 9 8 0 )  
d o e s  n o t  r e p o r t  e x a c t l y  t h e  q u a n t i t i e s  r e q u i r e d  by t h e  a n a l y s i s  
d e s c r i b e d  i n  S e c t i o n  2 ,  and t h i s  a s sumpt ion  p r o v i d e s  a b a s i s  
f o r  a p p r o x i m a t i n g  t h e  r e q u i r e d  magni tudes  from t h e  d a t a  a v a i l a b l e .  
p r o b a b i l i t y  d i s t r i b u t i o n s  o f  c l i m a t i c  outcomes. The a n a l y s i s  
p r e sen t ed  above i m p l i e s  t h a t ,  depending upon t h e  d i r e c t i o n  o f  
change o f  t h e s e  pa rame te r s ,  b e n e f i t s  o r  d i s b e n e f i t s  may f o l l o w ,  
even i f  t h e  means o f  t h e  d i s t r i b u t i o n s  w e r e  unchanged. F o r  
example, t h e  a n a l y s i s  p r e s e n t e d  above imp l i ed  t h a t  a r e d u c t i o n  
i n  t h e  v a r i a n c e  o f  p r e c i p i t a t i o n ,  o t h e r  t h i n g s  b e i n g  e q u a l ,  
would r e s u l t  i n  an  i n c r e a s e  i n  expec ted  c r o p  y i e l d s ,  and an 
i n c r e a s e  i n  expec ted  farm income. Moreover, such  i n c r e a s e s  
cou ld  be q u i t e  l a r g e .  
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